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Introduction
Lowland meadows are important habitats for many plant 
and animal species in Europe (Hájek et al. 2008, Habel et 
al. 2013). However, hydrological perturbation (i.e., drain-
age), land use change (intensification or abandonment) and 
infrastructure-related land consumption have led to a decline 
of lowland meadow area and occurrence, and have altered the 
species composition of remaining meadows (Straškrabová 
and Prach 1998, Poschlod et al. 2005, Tischew et al. 2010, de 
Snoo et al. 2012). 
Within the scope of applied nature conservation, the res-
toration of lowland meadows has become a major issue dur-
ing the last two decades. Ecological restoration can be a valu-
able tool to counteract further decline of this vegetation type, 
to provide habitat for endangered species and to compensate 
for land degradation (Conrad and Tischew 2011, Török et al. 
2011). The latter is, in fact, rooted in European legislation, 
i.e., the Habitats Directive (EC 1992) and the Environmental 
Impact Assessment Directive (EC 2014). 
However, in this context one major problem arises: How 
should the somewhat vague term of restoration success be 
measured (Bakker et al. 2000, McCoy and Mushinsky 2002, 
Zedler 2005, Suding 2011)? This is a crucial question rooted 
in European law, where in fact creation of proper replacement 
habitats is a prerequisite for permitting projects that trigger a 
loss of species or habitats, which are, for example, protected 
by the Habitats Directive (EC 1992, 2014). 
Previous studies have used indices that relied on a com-
parison to reference sites (Ruiz-Jaen and Aide 2005, Sengl et 
al. 2015, Sengl et al. 2017). For instance, restored and refer-
ence sites have been compared with regards to species diver-
sity (Martin et al. 2005, Galvánek and Lepš 2008), the num-
ber of predefined target species (Kiehl et al. 2006, Lengyel et 
al. 2012), the presence or cover of certain functional groups 
(i.e., perennial grasses, target forbs, weeds: Valkó et al. 2016) 
and compositional similarity (Fagan et al. 2008, Conrad and 
Tischew 2011, Valkó et al. 2017). However, if we measure 
restoration success like this, high restoration success can 
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similar habitat conditions as compared to available reference 
sites and (b) are rather close to the reference sites (White and 
Walker 1997, Valkó et al. 2017). 
Since in practice both biotic and abiotic conditions and 
the surrounding landscape of the restoration sites can differ 
significantly from the reference sites, it cannot be assumed 
that the same vegetation will develop in restored sites (van 
Diggelen and Marrs 2003). Furthermore, such indices fail 
when reference sites are lacking or degraded. Considering 
that there are often limiting factors or constraints in restora-
tion projects concerning site availability, abiotic site condi-
tions or structure at the landscape level (Pfadenhauer 2001, 
Prach 2007, Suding 2011), there is a need for an alternative 
index that evaluates the conservation value of a restored site 
independently from the state of the reference site. 
We propose that naturalness indicator values can be an 
option to measure restoration success. The approach of us-
ing naturalness indicator values makes use of the fact that 
plants are able to indicate several environmental parameters, 
including degradation (Kowarik 1990, Borhidi 1995). Thus, 
naturalness represents the reciprocal value of hemeroby 
(Sukopp 1972, Berg et al. 2014). The concept of naturalness 
is analogous to the ecological indicator values of Ellenberg 
et al. (1991), where species receive numerical ordinal values 
according to their ecological optima along an environmental 
gradient (e.g., temperature, light availability, etc.). Similarly, 
each plant species within a region can be assigned to relative 
naturalness of the habitat according to its observed tolerance 
against habitat disturbance and degradation. Species with 
higher values tend to be related to natural or semi-natural 
habitats, while species with lower values tend to be more fre-
quent in disturbed sites, a relationship that has been statisti-
cally verified in some cases (Kowarik 1990, Kim et al. 2002). 
Though plants with a high naturalness score may occur in 
disturbed sites by chance, variously degraded habitats in gen-
eral harbor a characteristic set of indicator species, as shown 
by several analyses (e.g., Török and Szitár 2010, Cseresnyés 
et al. 2014). Thus, naturalness indicator values can be used 
to estimate habitat degradation and regeneration as well. 
Though it has been proposed to use naturalness indices within 
ecological restoration (e.g., Machado 2004), this has not yet 
been applied to assess restoration success.
In this study performed in South Eastern Austria, we evalu-
ated three well-established techniques for lowland meadow res-
toration: sod transplantation, hay transfer and seeding (Török 
et al. 2011, Kiehl et al. 2010). Based on a previous study (Sengl 
et al. 2017) we measured restoration success through several 
well established indices: diversity, number of target species, 
similarity to reference sites (Ruiz-Jaen and Aide 2005, Scotton 
et al. 2012) and compared this result with newly defined indi-
ces based on the naturalness indicator values of plants estab-
lished by Borhidi (1995) for the Pannonian region. 
In particular, we asked the following question: Is the nat-
uralness indication approach a valuable alternative to refer-
ence sites when assessing restoration success? Based on the 
findings of Erdős et al. (2017) we assumed that mean natu-
ralness indicator values provide conclusive information on 
the level of degradation of habitats and thus, would allow us 
to evaluate restoration success. Additionally, we tried out a 
new approach by calculating the sum of naturalness indica-
tor values, which ads the factor “diversity” to the index. We 
assumed that the combination of diversity and naturalness – 
both targets in grassland restoration – would further improve 
the capability of the index to indicate restoration success. 
Methods
Study area
The study area was located in alluvial river valleys 
in South-East Austria, in the vicinity of the communities 
Fürstenfeld (47°03’N, 16°04E’, 280 m a.s.l.) and Halbenrain 
(46°43’N, 15°56’, 230 m a.s.l.). The mean annual precipita-
tion in this region is 737–827 mm and the mean annual tem-
perature is 9.1–9.3°C (ZAMG 2016). Soils are non-calcaric 
alluvial soils and stagnosols (Lebensministerium 2016), 
with a potential natural vegetation of alluvial lowland forest 
(Kilian et al. 1994). However, nowadays these river valleys 
are mostly used for cultivating corn. Reference sites (N = 8) 
and donor sites for sod transplantation (N = 1) and hay trans-
fer (N = 7), respectively, belonged to the Molinion caeruleae 
Koch 1926 (alluvial meadows) and had been managed by 
mowing twice a year. Mean number of vascular plant species 
was 35.9 on 4 m × 4 m plots. Restoration sites (N = 10, A = 
1400–12000 m²) encompassed former arable fields on which 
corn and Styrian oil pumpkin were grown. 
Restoration measures
Restoration measures were carried out in 2012 or 2013 
and included: 
(1) Sod transplantation: In April, the upper 30 cm of the soil 
layer and vegetation cover were cut out with a modified exca-
vator shovel and sod pieces (1 m × 1 m size) were then trans-
ferred to two receptor sites. The receptor sites encompassed 
four patches of 15 m × 15 m and four patches of 10 m × 20 
m, respectively, which were prepared by removing the upper 
30 cm of the topsoil. The distance between the transplanted 
sod patches was in each case approximately 10 m. For details 
on species composition of donor sites for sod transplantation 
(DSS) see Table A1.
(2) Hay transfer: The receptor sites (N = 4) were prepared by 
ploughing and harrowing. In early summer (end of June), do-
nor sites were mowed, the green hay transferred to the recep-
tor sites and distributed in a ratio of 1–2:1 between donor and 
receptor site. At receptor sites, hay was distributed manually 
in a 3–5 cm thick layer. For details on species composition of 
donor sites for hay transfer (DSH), see Table A1.
(3) Seeding: in May, we applied a seed mixture to receptor 
sites (N = 4) prepared by ploughing and harrowing. The mix-
tures consisted of propagules of 22 typical lowland meadow 
species (Table A2). Seed mixture was of Austrian and German 
provenance. 
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After initial treatments, all sites were mowed in late sum-
mer of the same year. In the following three years, they were 
mowed in early and late summer (June and September); the 
harvested biomass was removed.
Data sampling and preparation
We surveyed vegetation in 4 m × 4 m plots, as proposed 
by Chytrý and Otýpková (2003) for temperate grasslands. We 
estimated the cover of every vascular plant species with an 
extended Braun-Blanquet cover-abundance scale (Dengler et 
al. 2008) and converted the cover scale for further analyses as 
follows: n/a = 0 %, r = 1 %, + = 2 %, 1 = 3 %; 2m = 4 %, 2a = 
8 %, 2b = 18 %, 3 = 38 %, 4 = 68 %, 5 = 88 %. Plant nomen-
clature followed Fischer et al. (2008). We sampled one plot 
per reference site (total number of plots = 8) and placed plots 
in the middle of the sites to avoid edge effects. Restoration 
sites were sampled three years after initial restoration meas-
ures were carried out. For each restoration method we sam-
pled eight plots (total number of plots in restoration sites = 
24). Full information on vegetation and site data is given in 
the Electronic Appendix (Table A1). Due to the limited num-
ber of sites, we sampled two plots per site in hay transfer and 
seeding sites, and four plots per site in sod transplantation 
sites, but we abided a minimum distance of 20 m between 
plots to avoid pseudo replicates. 
Indices for measuring restoration success
We evaluated restoration success by calculating six indi-
ces for every plot (Table 1): (1) Simpson´s index, (2) number 
of target species (3) similarity to reference sites (frequency 
positive fidelity index), (4) an unweighted mean of natural-
ness indicator values, (5) a cover-weighted mean of natural-
ness indicator values, and (6) a naturalness index calculated 
by summarizing individual naturalness indicator values. 
While species richness, diversity and similarity indices are 
frequently used to measure restoration success, naturalness 
indicator values (Borhidi 1995) have so far not been used in 
this context.
We used the Simpson’s diversity index for measuring res-
toration success because it takes into account both species-
richness and evenness. As species-richness and evenness 
increase, the Simpson´s diversity index (Simpson) increases. 
Both aspects are considered as targets in ecological restora-
tion of grassland (Martin et al. 2005).
We calculated the number of predefined target species 
(TGSpN), a frequently used approach in grassland restora-
tion. A species was regarded as target species if it was listed 
among diagnostic species of lowland meadows in phytoso-
ciological standard literature of the study area (see Table A1). 
We used frequency positive fidelity index (FPFI) to cal-
culate the similarity between relevés at restored and reference 
sites because it considers both frequency and fidelity of spe-
cies and thus allows a comparison of single vegetation relevés 
to vegetation-units (Tichý 2005). The index ranges from zero 
(low similarity) to 100 (high similarity). 
Naturalness indicators estimate the level of degradation 
in a plant community. Borhidi (1995) defined naturalness in-
dicator values for the Pannonian flora but a former study has 
shown that they are suitable for the semi-natural grasslands of 
South-Eastern Austria (Sengl et al. 2016). The values range 
from –3 (invasive alien and ruderal species, typical of highly 
degraded communities) to +6 (specialist species, typical of 
natural communities). 
We calculated the naturalness as species average natu-
ralness indicator values per plot (UWMNN) and as cov-
er-weighted mean naturalness indicator values per plot 
(CWMNN). Given that these measures have the disadvantage 
of not taking species richness of a plot into account, we cal-
culated the sum of all naturalness indicator values per plot 
(SUMNN). In all cases, small or negative values indicate low 
restoration success (low species numbers and/or high amount 
of ruderal or alien species), high values indicate high resto-
Table 1. Indices of restoration success, calculated for every plot.
Index Abbreviation Description
Simpson´s index Simpson Simpson's diversity index is a measure of α-diversity which takes into 
account both richness and evenness. The index increases either by hav-
ing more species, or by having a greater evenness. 
Number of target species TGSpN Total number of typical lowland meadow species (i.e., diagnostic spe-
cies) according to Ellmauer and Mucina (1993) and Oberdorfer (2001).
Frequency positive fidelity index FPFI FPFI (Tichý 2005) is a similarity index that considers both frequency 
and fidelity of species and thus allows a comparison of single vegetation 
plots to vegetation-units.
Mean naturalness indicator values UWMNN Unweighted mean of naturalness indicator values (Borhidi 1995) of all 
species in a plot.
Cover-weighted mean naturalness indicator 
values
CWMNN Mean of naturalness indicator values (Borhidi 1995) of all species in a 
plot, weighted by cover values (in %).
Sum of naturalness indicator values SUMNN Sum of naturalness indicator values of all species (Borhidi 1995) in a 
plot.
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ration success (high species numbers and/or high amount of 
species typical of non-degraded meadows).
Statistical analysis
We analyzed the effects of different restoration techniques 
on restoration success indices by first using the Kruskal-Wallis-
H-test to explore overall differences among the treatments and 
second, a paired Mann-Whitney-U-test to explore differences 
between treatments. We used sequential Bonferroni correction 
(Holm 1979) to adjust significance due to multiple testing. For 
estimating correlations among standard restoration success in-
dices and our naturalness based indices we used a Spearman-
Rho matrix. All statistical analyses were performed using the 
software R 3.2.3 (R Core Team 2015).
Results
All of the established indices (Simpson´s index, number 
of target species and similarity) showed the highest values at 
the reference sites and the lowest values for sites restored by 
seeding (Fig. 1, A-C). Sod transplantation and hay transfer 
Figure 1. Boxplots of restoration success across restoration methods measured by different indices. Lowercase letters indicate signifi-
cant pairwise differences between treatments (P < 0.05; Kruskal-Wallis-H for overall differences among restoration methods; Mann-
Whitney-U for pairwise comparisons were carried out for every restoration treatment and the value for the reference site).
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did not differ significantly by considering the Simpson´s in-
dex but regarding the number of target species and similarity, 
sod transplantation led to higher restoration success. 
Both naturalness indices based on plot-wise means, un-
weighted or weighted by cover, led to a different outcome 
(Fig. 1, D and E). Mean naturalness indices did not differen-
tiate between reference sites, sod transplantations and sites 
restored by seeding. Unlike all the established indices, mean 
naturalness indices showed the lowest values with hay trans-
fer. Only the sums of naturalness indicator values per plot 
differentiated between restoration measures and reference 
sites in the same way as compared with the number of target 
species (Fig. 1, F). 
In addition to a visual comparison, we studied how the 
different indices for measuring restoration success were cor-
related to each other (Fig. 2). First, we analyzed how the 
established indices for evaluating restorations success were 
connected: Values of the number of target species and similar-
ity to reference sites were highly correlated to each other (rs = 
0.95) but had a lower correlation coefficient with Simpson´s 
index (rs = 0.76 and 0.77, respectively). Second, we were 
interested in how naturalness based indices were correlated 
Figure 2. Correlation among indices of restoration success. Numbers indicate Spearman´s correlation coefficient (rs). Abbreviations: 
Simpson = Simpson´s diversity index; TGSpN = number of target species; FPFI = similarity measured by the frequency positive fidel-
ity index; UWMNN = unweighted mean naturalness indicator values; CWMNN = cover weighted mean naturalness indicator values; 
SUMNN = sum of naturalness indicator values. Significance is indicated by asterisks (*: P < 0.05; **: P < 0.05 ≥ 0.01; ***: P < 0.01).
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to each other: Unweighted means and cover weighted means 
were highly correlated to each other (rs = 75), but consider-
ably less correlated to naturalness sums (rs = 0.45 and 0.42, 
respectively). Third, we tried to find out if there were linkages 
of naturalness based indicator values with the established in-
dices: Unweighted mean naturalness indicator values were 
significantly correlated to the similarity index (rs = 0.37), but 
displayed no correlation to the Simpson´s index and the num-
ber of target species. The cover-weighted mean naturalness 
indicator value was not correlated to any of the established 
indices for measuring restoration success. Sums of natural-
ness indicator values showed a high correlation with all es-
tablished indices for restoration success, but had the highest 
correlation coefficient with the number of target species (rs = 
0.96) and with similarity to reference sites (rs = 0.95).
Discussion
The capacity of plants to indicate certain conditions of 
their environment (i. e. Ellenberg´s indicator values) has long 
been recognized (Diekmann 2003). As plant species differ re-
garding their tolerances against human impact, they can be 
used to estimate anthropogenic degradation, or, in contrast 
a habitat´s naturalness (Klotz and Kühn 2002). In this study, 
we assessed whether Borhidi’s (1995) naturalness indicator 
values are useful to assess restoration success. As an exam-
ple, we chose some lowland meadows from South-Eastern 
Austria. 
First of all, we have to answer the question why it is valid 
to use naturalness indices in the framework of restoring semi-
natural habitats. One may argue that lowland meadows in the 
study area should not be considered natural (Vrahnakis et al. 
2013) because they depend on mowing. Consequently, the 
application of naturalness indices may seem to be erroneous. 
However, it is important to recognize that every plant com-
munity can be placed on a continuum that stretches between 
the extremes “artificial” and “natural”. Lowland meadows in 
our study area occupy an intermediate position between crop-
lands and climax forest communities (Dengler et al. 2014). 
Thus, naturalness is likely to increase when a ploughland is 
restored and regeneration of a semi-natural grassland pro-
ceeds. Accordingly, the application of naturalness indices to 
estimate restoration success for lowland meadows or other 
mowing dependent ecosystems seems justified and perfectly 
in accordance with our current perception of naturalness. In 
addition, a previous study (Erdős et al. 2017) has shown that 
naturalness indicators worked very well in differentiating 
between near natural semi-dry grassland and regenerating 
grassland in South-East Austria. 
In our case study, the well-established indices (i.e., simi-
larity to reference sites and the number of target species) of-
fered valuable and conclusive information on restoration suc-
cess. The results are in line with a previous study (Sengl et al. 
2017), where restoration methods of the same projects were 
investigated in a three-year chronosequence since restora-
tion start. That study showed that sod transplantation was the 
most successful restoration method, followed by hay transfer, 
while seeding of site specific seed mixtures proved to be less 
effective. 
Similarity to reference sites may offer the most valuable 
information on restoration success. In our case study similar-
ity to reference sites revealed differences across restoration 
methods most clearly (Fig. 1). However, in many restoration 
projects reference sites are degraded themselves, or even 
lacking. In fact, our reference sites were in three cases infect-
ed by Solidago canadensis. Also, one of the reference sites 
was rather species poor (number of species per plot = 26). 
Additionally, similarity to reference sites may not be a good 
measure in an early phase of restoration, because grassland 
restoration in general is a slow process (Fagan et al. 2008, 
Scotton et al. 2012) and the recreation of natural habitats may 
take decades (Wilson 2013). So, similarity to reference sites 
tends to be generally low in this phase and thus unable to dif-
ferentiate between favorable and unfavorable development. 
Likewise, though the number of target species was a good 
proxy to evaluate restoration success in our case study, under-
lining the results of similarity to reference sites (Fig. 1 and 2), 
it may not always be a perfect measure for restoration success 
because it provides no information on potentially problematic 
species such as ruderal or invasive species. Also, defining tar-
get species is a time consuming process, is only applicable 
within a limited area, and has to be defined for each habitat 
type separately (Rosenthal 2003). Additionally, the definition 
of target species can be a highly subjective process, especial-
ly if the definition is based on literature or expert knowledge, 
when reference sites are absent. 
Achieving high diversity is usually one of the primary 
goals in mesic grassland restoration (Ruiz-Jaen and Aide 
2005). Diversity indices can be used without a comparison 
to reference sites, like naturalness indicator values. However, 
the Simpson´s index failed to differentiate between the three 
different restoration measures (Fig. 1). This can be explained 
by the fact that neither component of the Simpson´s index 
(species richness and evenness) considers qualitative species 
composition. For example, even if sites are invaded by weeds 
– which is a common problem in the early years after restora-
tion of former cropland (Török et al. 2012) – they can reach a 
high Simpson’s index values because those species also con-
tribute to higher diversity.  
Borhidi´s naturalness indicator values overcome several 
of the above-mentioned problems of established indices like 
availability of a proper reference or lack of qualitative com-
positional attributes. But, of course, as any other index it has 
its own inherent problems which have to be dealt with. In the-
ory, naturalness indicator values will only reach high values 
if a restored site is dominated by species with high individual 
naturalness values. However, the application of naturalness 
indicator values led to contradictory outcomes depending on 
how naturalness indicator values were calculated. While the 
new  SUMNN index provided information on restoration suc-
cess that was equal to the most meaningful established in-
dices (similarity to reference sites and the number of target 
species), calculating the mean (both raw and cover-weighted) 
can lead to a misinterpretation of the processes. The contra-
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dictory outcome can be explained by the fact that Borhidi’s 
naturalness has one disadvantage when used as a measure of 
restoration success: unlike most other measures applied in 
this study, it does not take diversity into account. Difficulties 
may arise when comparing a species-poor and a species-
rich community (Diekmann 2003). Consider the following 
situation: A site dominantly occupied by one single plant like 
Phalaris arundinacea, with a typical score for semi-natural 
grasslands (naturalness value 4) may easily reach a higher 
mean naturalness than a species-rich grassland dominated by 
score 4, but also harboring species with values < 4. For ex-
ample, the mean naturalness indicator value of species-rich 
reference sites in our study was 3.38. Consequently, high 
naturalness is characterized by a typical combination of dif-
ferent indicator species, not by the absence of some species 
with low indicator values. 
By using sums of naturalness indicator values of a veg-
etation sample, this problem could be tackled. The pattern of 
the SUMNN was very similar to the number of target species 
and similarity to reference sites (Fig. 1). This can also be seen 
in the correlation analysis, where SUMNN was highly cor-
related to the number of target species and the FPFI (Fig. 2). 
Additionally, the SUMNN index meets several theoreti-
cal and practical requirements: As emphasized by Ruiz-Jaen 
and Aide (2005), at least two variables of ecosystem attrib-
utes according to SER (2004) should be used to evaluate res-
toration success. This can be diversity, the presence of indig-
enous species, the presence of functional groups necessary 
for long-term stability and resilience to disturbances. The 
SUMNN index includes several of these factors (see explana-
tion beforehand). In contrast to several other indices like the 
saturation index (SI: Klimkowska et al. 2007), the SUMNN 
index does not rely on the entire species pool of the target 
communities. This is important if (1) there is no real high-
value target vegetation left in the landscape or (2) restoration 
sites differ in abiotic conditions (i.e., soil nutrient content, 
meso-climate, water table) from reference sites (White and 
Walker 1997). The SUMNN index allows assessing restora-
tion success independent of reference sites (see also McCoy 
and Mushinsky 2002). Furthermore, several studies have 
shown that even in the long term and with state-of-the-art 
techniques, restored grasslands do not reach historical con-
ditions (e.g., Conrad and Tischew 2011, Fagan et al. 2008, 
Mitchley et al. 2012). Moreover, it is possible that restora-
tion sites develop into an ”alternative state” (Alday and Marrs 
2013, Suding et al. 2004). This is not unexpected, since refer-
ence grasslands have evolved in a long history of continuous 
development. Consequently, it is valid to question whether 
the goal for ecological restoration should be a historic refer-
ence or a wider context (Hobbs et al. 2009). For the latter, the 
SUMNN index provides an effective alternative for estimat-
ing restoration success. 
However, the naturalness indicator values of Borhidi 
(1995) have so far been defined for the Pannonian Region. 
It is well-known for ecological indicator values that they 
vary among biogeographical regions (Diekmann 2003). The 
same seems likely for naturalness values (Hermy et al. 1999). 
Though previous studies showed that they work well in 
South-Eastern Austria (Sengl et al. 2016, Erdős et al. 2017), 
it is clear that they need to be adjusted and tested for other 
biogeographical regions. 
Finally, we want to mention that when applying natural-
ness indices for estimating restoration success, the method 
should be treated with care, especially if the theoretical basis 
does not totally match the specific objectives and require-
ments of a given project. For example, some species with 
low naturalness values may indicate an efficient restoration 
progress in some cases (e.g., disturbance tolerant and pioneer 
species in rock grasslands or open sand surfaces). On the 
other hand, some species with high naturalness values may 
not be welcome in other cases (e.g., native trees and shrubs in 
meadow restoration).
Conclusions
Naturalness indicator values seemed to be viable estima-
tors for restoration success. By calculating the sum of natural-
ness indicator values, we combined both naturalness and spe-
cies richness and created an easy-to-handle index that could 
replace or complement similarity indices and predefined tar-
get species lists to estimate restoration success. Particularly, 
in cases when reference sites are missing, the sum of natural-
ness indicator values provides the best alternative to evaluate 
and monitor restoration success. However, we have to point 
out that the new index cannot fully substitute a comparison 
to references sites, provided that these are available. Also, if 
naturalness indicator values reveal low restoration success, 
we suggest subsequent analyses of species composition to 
find out the reason and to provide a base for consecutive man-
agement action. Last but not least, several approaches should 
be used simultaneously to measure restoration success, which 
can provide complementary information about the vegetation 
processes. As suggested by our work, the SUMNN index can 
be one viable approach in some cases.
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